Cr 5+ doped K 3 NbO 8 , considered to be useful as a electron spin qubit, has been investigated by pulsed X-band (∼ 9.7 GHz) and 240 GHz electron paramagnetic resonance and electron nuclear double resonance (ENDOR). Comparison of the low temperature electronic spin-lattice relaxation rate 1/T 1 at 9.7 and 240 GHz shows that it is 250 times faster at 240 GHz than at X-band. On the other hand, the spin-spin relaxation rate 1/T 2 appears largely frequency independent and is very likely related to the superhyperfine (SHF) coupling of the Cr 5+ electron with the surrounding potassium and niobium nuclei. This coupling was investigated by HYSCORE at 9.7 GHz and pulsed Mims ENDOR at 240 GHz. The high frequency and field enabled us to unambiguously measure the hyperfine and quadrupole couplings of the 39 K in spite of its small magnetic moment.
I. INTRODUCTION
The Cr 5+ ion diluted in the diamagnetic host K 3 NbO 8 (henceforth noted as Cr:K 3 NbO 8 )
has been suggested as a magnetic field calibration standard for high field electron paramagnetic resonance (EPR) experiments 1 . This S = 1/2 system exhibits a small linewidth (∼ 0.15 -0.2 mT depending on the orientation) and the g-value just below the free-electron g-value, g e . The I = 0 ( 50,52,54 Cr) isotopes give rise to a single line that serves as a g-marker,
while the 53 Cr (9.5% I = 3/2) yields four hyperfine lines that can be used to calibrate the linearity of the field 1 .
Recently Cr:K 3 NbO 8 has also been suggested 2 as a new transition metal-ion based single electron-spin qubit system for quantum information processing. Quantum computation requires, among others, a long spin-lattice relaxation time T 1 as well as a long spin-spin or spin-memory relaxation time T 2 . The latter time provides a measure of the decoherence processes in the material and is used to calculate the figure of merit of a qubit, which is defined as the number of operations that can be performed before the phase information is lost. On the other hand, a 'reset' of the qubit to a well defined starting state takes a time proportional to T 1 . Hence, shorter T 1 time means enhanced computing speed. It is therefore desirable to understand the T 1 and T 2 relaxation processes via their temperature and frequency dependence.
The present work reports on our detailed measurements of the electronic T 1 and T 2 relaxation in Cr:K 3 NbO 8 from ambient temperatures down to 4 K at X-band (∼ 9.7 GHz, ∼ 0.35 tesla (T)) and at 240 GHz (∼ 8.7 T). We find that the low temperature relaxation time T 1 is strongly frequency dependent: it decreases by a factor of 250 on going from 9.7
GHz to 240 GHz. On the other hand, T 2 was found to be frequency independent in the investigated temperature range.
In order to understand the process(es) controlling the T 2 we first employed hyperfine sublevel correlation (HYSCORE) spectroscopy 3 at X-band, and found that the nuclei re- The crystal structure of Cr 5+ doped K 3 NbO 8 is shown in Fig. 1 . This system has body-centered tetragonal crystal lattice (I42m space group) with cell parameters a = b = 6.7862(3)Å, c = 7.8312(7)Å and α = β = γ = 90
• . The Cr 5+ ion occupies the Nb 
A. Spin-lattice relaxation
The spin-lattice relaxation time T 1 of Cr:K 3 NbO 8 was at 9.7 and 240 GHz measured by an inversion-recovery method employing the sequences π -τ -π/2 -FID and π -t same as the 9.7 GHz but it reaches to ∼ 4 ms at 4 K. We attempted to fit the 9. ∝ T 3+2m , where m is the spectral dimensionality that depends on the spin system and (c) Orbach process with
. The best-fit to the data was found to be with the model given in Eq.(1).
As can be seen from the solid lines in Fig. 3 , the temperature dependence of the spin-lattice relaxation rate 1/T 1 at 9.7 and 240 GHz was successfully modeled with Eq.(1) and the best-fit parameters are listed in Table I .
It is noteworthy that the spin-lattice relaxation rate 1/T 1 at low temperatures (4 -10 K)
is considerably faster at 240 GHz as compared to that at 9.7 GHz which indicates that the direct process is important at these temperatures. However, the ratio of the direct process contribution to 1/T 1 at 240 and 9.7 GHz is not as large as the expected ω 5 coth( ω/2kT ) dependence for a Kramer's system 12 but it is closer to ω 3 coth( ω/2kT ) dependence in nonKramer's spin systems 12 . For example, at 4 K the observed ratio of the direct process contribution between 240 and 9.7 GHz is about 1/4 of the calculated ω 3 coth( ω/2kT ) value whereas it is about 4*10 −4 times the ω 5 coth( ω/2kT ) value. This difference in the frequency dependence has been observed before 13, 14 and needs further theoretical analysis which is beyond the scope of this undertaking.
As can be seen from Fig. 3 , the spin-lattice relaxation rate 1/T 1 at 9.7 and 240 GHz frequencies for T > 10 K is well described by two Orbach relaxation pathways involving thermally accessible energy levels at ∆ 1 ∼ 75 cm 
B. Spin-spin relaxation
The standard 2-pulse Hahn echo sequence was used to obtain the spin-spin relaxation time T 2 at both 9.7 and 240 GHz. The right panel of Fig. 3 shows the 1/T 2 rate as a function of temperature for B 0 c. At 9.7 GHz the T 2 increases from ∼ 150 ns at room temperature to ∼ 8 µs at 50 K, then decreases to ∼ 5 µs at 20 K and finally increases to ∼ 10 µs at 4
K. In contrast to T 1 , the T 2 time does not show a strong field dependence. However, the temperature dependence of T 2 at both frequencies shows a minimum at about 20 K. We tentatively ascribe this minimum to some sort of motional narrowing caused by the increase in the spin fluctuations of K and Nb hyperfine fields as the temperature is raised above about 20 K. This type of temperature dependence has previously been reported for dilute solutions of free radicals 16, 17, 18 and other Cr 5+ complexes 19 . Above 50 K, the spin-spin relaxation time T 2 is mainly governed by the spin-lattice relaxation processes.
C. Superhyperfine (SHF) interactions
As mentioned earlier the hyperfine interaction of the unpaired electron with the 53 Cr in Cr:K 3 NbO 8 was explored previously 10 , and therefore in this report we will only address the SHF coupling with the potassium (I = 3/2 39 K) and niobium (I = 9/2 93 Nb) nuclei.
We believe that the electronic spin-spin relaxation processes in Cr:K 3 NbO 8 are most likely influenced by these interactions and in order to characterize them we used HYSCORE spectroscopy at 9.7 GHz and pulsed Mims ENDOR at 240 GHz.
The HYSCORE spectra of Cr:K 3 NbO 8 at 40 K are shown in Fig. 4 for the orientation along the c-axis (bottom panel) and an orientation in the ab-plane (top panel). The spin echo modulations due to the interactions with neighboring potassium nuclei are very large, which resulted in a good quality HYSCORE spectrum. However, the spectra were found to be too complex for analysis, possibly because at 9.7 GHz, the Zeeman, quadrupole and SHF interactions become comparable and lead to a complex interplay of these interactions.
We therefore resorted to ENDOR measurements at 240 GHz (∼ 8.7 T) where the Zeeman terms become dominant.
At 240 GHz, pulsed ENDOR signals of 39 K were measured at various crystal orientations (see Fig. 5 ). A systematic study of orientation dependence of the ENDOR could not be performed due to the unavailability of a goniometer for this spectrometer at the present time. While the angle (θ) of B 0 relative to the crystal c-axis can be accurately determined from the resonance field of the EPR transition (via the g-tensor anisotropy), the axial gtensor symmetry does not help with the precise determination of the angle φ of B 0 in the abplane. However, a closer look at the crystal structure (see Fig. 1 
Here,g is the electron Zeeman tensor,Ã andQ are, respectively, SHF and quadrupole (namely A 1 , A 2 , A 3 ) andQ tensor (namely Q 1 , Q 2 , Q 3 ) for K2
′ nucleus obtained from the analysis are given in Table II . The tensors for the other chemically equivalent K2 nuclei can be obtained via the afore-mentioned crystal symmetry operations. The isotropic SHF interaction is +0.522 MHz, and can be interpreted as a spin density of 0.23% in the 4s orbital when compared to the hyperfine coupling in the ground state of atomic potassium 23 . While we cannot make a completely unambiguous assignment of the specific potassium nucleus associated with each of the eight sets of SHF and quadrupole tensors, it is natural to assume that the anisotropic contribution to the SHF interaction should reflect the dipolar interaction between the potassium nuclear spin and the chromium electron spin. We therefore assign the SHF tensor given in Table II to the potassium for which the A 3 direction is close to the Cr-K direction (labeled as K2 ′ in the Fig. 1 ).
The quadrupole tensor of K2 ′ is not entirely axial and has the direction of its largest with the c-axis and φ the angle in the ab plane (see Fig. 1 ). The errors in the directions are estimated to be 2 degrees.
Value ( principal value close to the c-axis. The slight deviation from the c-axis indicates that the local surrounding of the Cr 5+ ion is slightly distorted as compared to that for Nb 5+ ion in the undoped lattice.
At some crystal orientations 93 Nb (I = 9/2) ENDOR is also observed. ENDOR spectra for field about 40
• from the crystal c-axis is shown in Fig. 6(b) . We speculate that at most orientations the SHF interaction is too small to give an appreciable ENDOR intensity, but it can be detected when the field is along the Nb-Cr dipolar direction because of the largest dipolar interaction in this direction. Since Cr and Nb ions are fairly well separated (Cr-Nb: with |Q| = 0.82 MHz under the assumption that the quadrupole tensor is nearly axial with the principal direction along the crystal c-axis.
IV. SUMMARY
We have measured the electron spin relaxation times in Cr:K 3 NbO 8 using pulsed EPR at 9.7 and 240 GHz. The SHF couplings of the electron spin with the neighboring potassium nuclei have also been determined using pulsed Mims ENDOR at 240 GHz. The ENDOR results show that the SHF interaction of the Cr unpaired electron with neighboring potassium (labeled as K2 and K2 ′ in Fig. 1 ) and the niobium nuclei is responsible for the electron spinspin relaxation T 2 process. An unpaired spin density of about 0.2% on the K2 and K2 ′ nuclei has been estimated from the isotropic 39 K SHF coupling constant. While the T 2 time in Cr:K 3 NbO 8 is largely frequency independent, its temperature dependence shows a minimum around 20 K that has been tentatively ascribed to the change in the rate of surrounding nuclear spin flip flops. At both 9.7 and 240 GHz the spin-lattice relaxation time T 1 is dominated by a direct and two Orbach processes. The modes involved in the Orbach processes are assigned to bending vibrations, translational lattice vibrations and/or libration modes of the CrO 3− 8 ion. Furthermore, the direct process contribution to T 1 at 240 GHz is found to be about more than two orders of magnitude larger than the contribution at 9.7 GHz. Surprisingly, the contribution ratio is closer to an ω 3 coth( ω/2kT ) dependence in a non-Kramer's system than it is to the ω 5 coth( ω/2kT ) dependence expected for a Kramer's system. Further theoretical analysis is necessary to understand this divergence.
Finally, the frequency dependence of relaxation times in Cr:K 3 NbO 8 shows that it is possible to tune T 1 with the frequency/field while keeping T 2 relatively the same, a feature useful in 12 transition metal-ion based spin qubits for quantum information applications.
